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ABSTRACT
Aims. We study the association between Giant Molecular Clouds (GMCs) and Young Stellar Cluster Candidates (YSCCs), to shed
light on the time evolution of local star formation episodes in the nearby galaxy M33.
Methods. The CO (J=2-1) IRAM-all-disk survey was used to identify and classify 566 GMCs with masses between 2×104 and 2×106
M across the whole star forming disk of M33. In the same area, there are 630 YSCCs, identified using Spitzer-24 µm data. Some
YSCCs are embedded star-forming sites while the majority have GALEX-UV and Hα counterparts with estimated cluster masses and
ages.
Results. The GMC classes correspond to different cloud evolutionary stages: inactive clouds are 32% of the total, classified clouds
with embedded and exposed star formation are 16% and 52% of the total respectively. Across the regular southern spiral arm, inactive
clouds are preferentially located in the inner part of the arm, possibly suggesting a triggering of star formation as the cloud crosses
the arm. The spatial correlation between YSCCs and GMCs is extremely strong, with a typical separation of 17 pc, less than half the
CO(2–1) beamsize, illustrating the remarkable physical link between the two populations. GMCs and YSCCs follow the HI filaments,
except in the outermost regions where the survey finds fewer GMCs than YSCCs likely due to undetected, low CO-luminosity clouds.
The distribution of the non-embedded YSCC ages peaks around 5 Myrs with only a few being as old as 8–10 Myrs. These age
estimates together with the number of GMCs in the various evolutionary stages lead us to conclude that 14 Myrs is a typical lifetime
of a GMC in M33, prior to cloud dispersal. The inactive and embedded phases are short, lasting about 4 and 2 Myrs respectively.
This underlines that embedded YSCCs rapidly break out from the clouds and become partially visible in Hα or UV long before cloud
dispersal.
Key words. Galaxies: individual (M 33) – Galaxies: ISM –
1. Introduction
The formation of giant molecular clouds (hereafter GMCs) in the
bright disks of spiral galaxies requires the onset of instabilities
and the ability of the gas to cool and fragment. Within gravita-
tionally unstable clouds, the process of fragmentation continues
to smaller scales, yielding a distribution of clumps and prestel-
lar cores which later collapse to form stars. The evolution of
these clouds is then driven by the Young Stellar Clusters (here-
after YSC) which have formed. As the YSC evolves, it could
disrupt the cloud or trigger new episodes of star formation. Our
Galaxy is the natural laboratory where these processes have been
studied in detail because observations can be carried out with an
unbeatable spatial resolution. Galactic observations suffer from
limitations due to the fact that we reside within the star form-
? Deceased
ing disk. Moreover, galaxies with different masses, morpholo-
gies, metal contents and in different environment or cosmic time,
might transform the gas into stars over different timescales and
with different efficiencies. The molecular gas fragments, from
GMCs to protostellar clumps, do not necessarily follow the same
mass spectrum as Galactic clouds nor share their characteristics.
These considerations have triggered great interest in studying
molecular clouds in nearby galaxies, with the support of mil-
limeter telescopes which are steadily improving in resolution
and sensitivity (e.g. ALMA,NOEMA). Validating a cloud forma-
tion and evolution model requires an unbiased survey of molec-
ular clouds in a galaxy and of star-forming sites.
All-disk-surveys of the 12CO J=1-0 or J=2-1 line emission in
nearby galaxies, are the most commonly used to provide a census
of molecular complexes down to a certain sensitivity limit. The
Large Magellanic Cloud in the southern hemisphere, and M33
in the northern hemisphere, have been targets of several observ-
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ing campaigns of molecular gas emission, as they are nearby,
gas rich and with active star formation (Fukui et al. 1999, 2008;
Engargiola et al. 2003; Heyer et al. 2004; Gratier et al. 2010;
Druard et al. 2014). The NANTEN group studied the LMC and
identified 168 clouds (Mizuno et al. 2001; Fukui et al. 2001,
2008). Wilson & Scoville (1990) surveyed the inner 2 kpc of
M33 and detected 38 GMC with a 7” synthesized beam. The
12CO J=1-0 survey of the M33 disk with the BIMA interfer-
ometer with a 13” synthesized beam, has provided a catalogue
of 148 clouds out to R=6 kpc, complete down to 1.5×105 M
(Engargiola et al. 2003; Rosolowsky et al. 2003, 2007). Gratier
et al. (2012) analyzed the IRAM CO J=2-1 survey of a large area
of the disk of M33 and catalogued 337 GMCs. The star forming
disk of M33 was observed in the CO J=1-0 and J=3-2 line with
an angular resolution of 25” by Miura et al. (2012) who iden-
tified 71 GMCs, 70 of which were already in the Rosolowsky
et al. (2007) or Gratier et al. (2012) catalogues. The data used
here are from the deep CO(J=2-1) whole-disk survey carried out
with the IRAM-30m telescope (Druard et al. 2014) at 12” reso-
lution (49pc) from which 566 clouds were identified.
Molecular clouds are not located around or very close to op-
tically visible stellar clusters, as it will be shown in this paper.
In the early phases of star formation (hereafter SF), protostars
and stars are embedded in the gas and can be detected via imag-
ing with infrared telescopes due to the high extinction provided
by the molecular material. The Spitzer Space Telescope has sur-
veyed the LMC and M33 in the Mid-Infrared (hereafter MIR)
with sufficient spatial resolution as to provide a detailed view of
where the hot dust emission is located. Emission from hot dust,
typically detected at 24µm, is an excellent tracer of star form-
ing sites where massive or intermediate mass stars have formed.
The detection of protostars and of the earliest phases of SF is not
yet feasible in M33 since it requires radio and far-infrared sur-
veys with far higher resolution than what is currently available.
Searches for embedded star forming sites in M33 are limited to
less compact sites, i.e. to stellar clusters within clouds which are
visible at 24µm in the Spitzer survey of the whole galaxy (Verley
et al. 2007, 2009). A catalogue of MIR emitting sites in M33 is
now available (Sharma et al. 2011) and a list of candidate star-
forming sites has been selected to investigate their distribution in
mass and spatially in the disk of M33. After formation, stars may
clear some of the gas such that, depending on viewing angle, op-
tical counterparts to the MIR emission can be found. The YSC
is still compact and may still suffer from modest extinction such
that individual members cannot be resolved. In this context, we
study the relationship between Young Stellar Cluster Candidates
(hereafter YSCCs, referred here only to sources which have been
selected via their MIR emission and are listed in Table 6), and
the molecular cloud population in M33. A detailed analysis of
the spatial correlation between GMCs and YSCCs is carried out
across the whole star-forming disk of M33. Using essentially the
same classification scheme as in Gratier et al. (2012), we define
classes of GMCs in terms of their star formation. Combined with
the classification and age determination of YSCCs, it is possible
to estimate durations for the various phases of the star formation
process and the GMC lifetime in this nearby galaxy. This is im-
portant in order to link the physical conditions within GMCs to
the processes which regulate star formation, its efficiency, and
possible time variations (Elmegreen 2007; Murray 2011).
The paper plan is the following. In Section 2 we describe
the new GMC catalogue and introduce the cloud classification
scheme. In Section 3 we describe the MIR-source catalogue and
introduce the YSCC classification scheme. In Section 3 we also
discuss the association between the GMCs and YSCCs and in
Section 4 the association between GMCs and optically visible
YSCs and other sources related to the SF cycle. The catalogs of
GMCs and YSCCs and their classification are provided in the
on-line Tables. The properties of molecular cloud classes and
of YSCC classes are presented in Sections 5 and 6. Molecular
cloud lifetimes across the M33 disk are analyzed in Section 7.
Section 8 summarizes the main results.
2. The molecular cloud population
M33 is a low-luminosity spiral galaxy, the third most luminous
member of the Local Group, with a well determined distance
D=840 kpc (Freedman et al. 1991; Gieren et al. 2013). The GMC
catalogue is a product of the IRAM-30m all-disk CO J=2-1 sur-
vey of M33 presented in Druard et al. (2014) using a modi-
fied version of the CPROPS package, originally developed by
Rosolowsky & Leroy (2006), which is described in detail by
Gratier et al. (2012). The CO datacube has a spatial resolution of
12 arcsec which, for the adopted distance of M33, corresponds to
a physical scale of 49 pc (hence, GMCs are not well resolved).
The spectral resolution of the datacube is 2.6 km s−1, and the
pixel size is 3 arcsec (i.e. 12 pc). CPROPS identifies continuous
regions of CO emission in the datacube and details on our use
can be found in Gratier et al. (2012). In Figure 1 we show the
location of the clouds on the CO (J=2-1) map.
The cloud mass is computed either converting the total CO
line luminosity of the cloud into mass, referred to as luminous
mass, or using the virial relation, referred to as virial mass.
The luminous mass of the GMC, MH2 , is computed for a hy-
drogen fraction fh of 73%, using a CO-to-H2 conversion factor
X=N(H2)/ICO(1−0) = 4 × 1020 cm−2/(K km s−1) (Gratier et al.
2016), twice the standard Galactic value, and an intrinsic line ra-
tio R2−11−0 = I2−1/I1−0 = 0.8 (Druard et al. 2014). The luminous
mass is a function of the CO (J=2-1) line luminosity, LCO, which
is the CO J=2-1 line intensity integrated over the cloud. Another
way of estimating cloud masses is to assume virial equilibrium.
The virial mass, MvirH2 , is a function of the deconvolved effective
cloud radius, re, and of the CO (J=2-1) line dispersion (Solomon
et al. 1987; Rosolowsky & Leroy 2006). The line dispersion is
measured by fitting a gaussian function to the cloud integrated
line profile. If ∆VgauFWHM is the full width half maximum of the
fitted line profile, corrected for the finite channel width (by sub-
tracting in quadrature 2.6 km s−1), then σgauv = ∆V
gau
FWHM/
√
8ln2.
We apply the following relations which include chemical ele-
ments heavier than hydrogen:
MH2
M
=
19.1
R2−11−0
X
4 × 1020
2 mp
fh
LCO(2−1)
K km s−1 pc2
(1)
= 10.9
LCO(2−1)
K km s−1 pc2
(2)
MvirH2
M
= 1040
re
pc
( σgauv
km s−1
)2
(3)
Typical cloud linewidths are of order 6-10 km sec−1 with
σv ∼3-4 km sec−1. Cloud radii vary between 10 and 100 pc,
typical of GMCs and complexes. However, given the spatial res-
olution of the survey, cloud radii have large uncertainties and
in some cases they might be overestimated. As a consequence
virial masses often turn out to be larger than luminous masses,
and scaling relations may apply only to smaller clouds within a
GMC complex. We shall use the luminous mass definition when
2
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Fig. 1. Molecular clouds in the catalogue are plotted over the
CO J=2-1 integrated intensity emission map. The map rms is
0.2 K km s−1 and the intensity scale reaches a maximum of
4 K km s−1 in antenna temperature units. The thick red contour
of each cloud corresponds to the deconvolved size and shape as
determined by CPROPS (Rosolowsky & Leroy 2006).
we refer to the GMC mass, unless stated otherwise. The algo-
rithm finds 566 GMCs (see Fig. 1) with luminous masses be-
tween 2×104 and 2×106 M and virial masses between 2×104
and 6×106 M.
The completeness limit for the luminous masses is about 2/3
of what has been estimated by Gratier et al. (2012) due to the
lower rms noise of the Druard et al. (2014) full-disk survey and
to the revision of telescope efficiency. Hence we estimate a com-
pleteness limit of 5700 K km s−1 pc2. Given the assumed CO-
to-H2 conversion factor and J=2-1/J=1-0 line ratio, this corre-
sponds to a total cloud mass completeness limit of 6.3×104 M,
including He. Figure 2 shows the cumulative distribution of the
566 GMC masses.
In the left panel of Figure 3 we show the radial distribu-
tion of the luminous masses of the GMCs while in the right
panel we plot the luminous and virial masses of the clouds.
The average luminous mass decreases with radius because the
CO cloud luminosity is a decreasing function of galactocen-
tric radius (Gratier et al. 2012). There are fewer massive cloud
complexes beyond 4.5 kpc. The virial mass shows a marginal
dependence on galactocentric radius because the velocity dis-
persion (line width) is weakly anti-correlated with the galacto-
centric distance of the cloud (Gratier et al. 2012; Braine et al.
2010). Clearly the luminous and virial masses are correlated
even though the dispersion is non-negligible. The right panel of
Fig. 2. The cumulative distribution of the GMC luminous
masses. NGMC is the number of GMCs with mass greater than
MH2 . The dashed line has been placed at the estimated survey
completeness limit.
Figure 3 seems to suggest that GMCs may simply be gravita-
tionally bound entities, not necessarily in virial equilibrium.
2.1. Cloud Classification
Molecular clouds are classified in three broad categories –
clouds without obvious star formation (A), clouds with embed-
ded star formation (B) and clouds with exposed star formation
(C). Clouds with embedded or exposed SF are identified from
the presence of emission at 8 or 24 µm, that in C-type clouds is
associated with Hα and often to Far-UV emission peaks, while
B-type clouds have no optical counterpart. There are a few am-
biguous cases which were classified D-type. This classification
follows the spirit of the Gratier et al. (2012) procedure in which
maps at four wavelengths were made of each cloud and the re-
gion surrounding it (see catalog in Gratier et al. (2012)) as dis-
played in Figure 4. The wavebands were chosen to probe a vari-
ety of optical depths, at a higher angular resolution than the CO
data in order to locate the SF region within the molecular cloud.
The 566 clouds were visually inspected using the maps as
shown in Figure 4. Strict automatic criteria are extremely diffi-
cult to use in a reliable way as the general flux levels decrease
greatly with galactocentric radius, making a common threshold
impractical as one misses regions of star formation in the outer
disk. Furthermore, crowded regions (center, arms) are difficult
to analyse without visual inspection. It is not possible to know
whether continuum emission is from the cloud or simply along
3
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Fig. 3. In the left panel the cloud luminous mass MH2 is plotted
as a function of the galactocentric radius in kpc. In the right panel
we show the luminous versus the virial masses of the clouds.
the line of sight through the disk. When the emission is from a
region near the center of the cloud, or there is line emission at the
same location, the association is assumed to be real. In Figure 4,
we show examples of the images used to classify each of the
566 GMCs. The CO J=2-1 integrated intensity contours for each
GMC (solid white line, first contour at 80 mK km s−1 and follow-
ing stepped by 330 mK km s−1) are plotted on maps of Hα (upper
left panel, units give emission measure in pc cm−6), Spitzer 8 µm
(upper right panel, MJy/sr), GALEX FUV (lower left panel,
counts), and Spitzer 24 µm (lower right panel, MJy/sr). The flux
levels are different for each image. The scaling used is plotted
as a color bar at the top of each panel. One can see that for
GMC 461 (upper four panels) there are no visible sources in
any band, and hence it has been classified as A-type. The GMC
147 (middle four panels) has a weak infrared source visible at 8
and 24µm with no Hα or FUV emission peak at the MIR peak
location and hence it has been classified as B-type. This cloud
is located close to the M33 center, in a crowded region, and the
weak MIR-source is not present in the Sharma et al. (2011) cata-
logue discussed in the next Section. This underlines the need for
visual inspection for a reliable cloud classification. At the loca-
tion of GMC 15 (bottom four panels) there is a source visible at
all selected wavelengths, which corresponds to source 8 in the
catalogue of Sharma et al. (2011) (see next Section) and hence
GMC 15 has been classified as C-type cloud.
A star forming region on the distant side of a cloud will be
classified as B although an observer, in say M 31, might see the
cloud as exposed (C). Thus, a cloud could be more evolved than
Table 1. GMC classification scheme
Class main properties #GMCs
A inactive 172
B embedded SF, MIR-sources only 87
C exposed SF, MIR+FUV+Hα sources 286
D ambiguous 21
its classification shows either due to geometry (the case above)
or if only low-mass star formation is taking place. We estimate
that the maps are sensitive enough to detect a single B0 main
sequence star. There are some differences with respect to the
Gratier et al. (2012) classification. A slightly higher fraction of
A clouds is found due to the classification of some clouds with
very weak and diffuse IR emission as A rather than B or C. A
slightly higher fraction of C-type clouds is also found because,
with the idea that an apparently embedded cloud could be ex-
posed from a different vantage point, we pushed ambiguous B/C
cases into the C class. However, generally the agreement with
Gratier et al. (2012) is excellent.
Table 1 summarizes the classification scheme and the num-
ber of GMCs in each class. In Table 5 we list for each cloud the
cloud type and the following properties: celestial coordinates,
galactocentric radius R, cloud deconvolved effective radius re,
CO(2-1) line velocity dispersion from CPROPS σv and its un-
certainty, line velocity dispersion from gaussian fit σgauv (cor-
rected for finite channel width), CO luminous mass MH2 and its
uncertainty, and virial mass from gaussian fit MvirH2 . The uncer-
tianties on the velocity dispersion from CPROPS can be con-
sidered upper limits to the uncertainties on the velocity disper-
sion from gaussian fit. Using these and the uncertainties on the
cloud radius one can verify the large uncertainties on the virial
mass estimates. There are no estimates ofσgauv and MvirH2 when the
gaussian fit to the cloud integrated profile results in a full width
half maximum comparable to spectral resolution. In addition we
give in Table 1 the number of the YSCC associated with the
MIR-source and with the GMC, as described in the next Section,
that lies within the 80 mK km s−1 GMC boundary. Clouds of
A-type should not host any source and in fact only 5 clouds in
this category have a YSCC associated with them which lies at
the cloud boundary. The cloud classification was done by seven
testers without knowledge of the MIR-source position. At a later
time the possible presence of sources at the GMC positions has
been checked by inspecting the whole M33 maps at 8 µm, 24 µm,
Hα, and GALEX-FUV, each with a uniform contrast, and by an-
alyzing statistically the spatial correlation of catalogued YSCCs
and GMCs (see next Section).
3. Young Stellar Cluster Candidates in the disk of
M33 and their association with GMCs
In the star formation cycle, YSCs form out of molecular gas; as
the cluster evolves, stellar activity removes the molecular mate-
rial and light starts to escape from the clouds. Eventually, shocks
due to massive stars may compress the nearby gas and trigger
star formation anew. Before the cold gas is removed from the
stellar birth place, newborn stars heat the dust in the surround-
ings with a consequent emission in the MIR. Therefore we ex-
pect the presence of YSCCs at the location of MIR-sources as-
sociated with the M33 disk and a spatial correlation between
YSCCs and star forming GMCs. The establishment of the asso-
ciation between YSCCs and GMCs is done following 3 different
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Fig. 4. Four images of 3 selected areas of the M33 disk used to
classify 3 GMCs: cloud 461 as inactive or A-type (top), cloud
147 with embedded SF or B-type (middle), and cloud 15 with
exposed SF or C-type (bottom). The CO J=2-1 integrated inten-
sity contours for each GMC (solid white line, first contour at
80 mK km s−1) are plotted on maps of Hα (upper left panel),
Spitzer 8 µm (upper right panel), GALEX FUV (lower left
panel), and Spitzer 24 µm (lower right panel). The CO J=2-1
beam is plotted in the lower left corner of each panel and it is
marked with a thicker line in the upper left panel.
methods with different levels of accuracy; each method is de-
scribed in the following subsections.
Using the Spitzer satellite 24µm data, Sharma et al. (2011)
have selected 915 MIR-sources in the area covered by the M33
disk. Complementing the mid and far-infrared Spitzer data with
UV data from the GALEX satellite and with Hα data, it has been
possible to build up the Spectral Energy Distribution (SED) for
most of the sources. The optical images cover a smaller region
than the Spitzer images and hence for about 60 MIR-sources at
large galactic radii the SED could not be derived. The presence
in the sample of a few AGBs, the weakness of the emission in
the Hα or UV bands of some sources, and some large photo-
metric errors, has further limited to 648 the number of MIR-
sources with available SEDs (Sharma et al. 2011). We find that
738 out of the 915 MIR-sources catalogued by Sharma et al.
(2011) are within the area of the CO survey. By visually inspect-
ing these 738 sources in several bands and with available stellar
catalogues we eliminated obvious AGB and Milky Way stars as
well as background galaxies. The SDSS has been used to inspect
the source optical morphology or the photometric redshift when
the associated Hα emission is weak, below ∼ 1036 erg sec−1.
We have excluded sources with a reliable redshift determination
(with a χ2 < 3 as given by SDSS), and a few MIR-sources with
X-ray counterparts since these are probably background sources
(QSOs, galaxies etc..).
We have a final sample of 630 MIR-sources which are strong
candidates for being star forming sites over the area covered by
the IRAM CO-all-disk survey and we shall refer to the young
stellar clusters associated with these MIR-sources as YSCCs.
The purpose of the identification of YSCCs in this paper is to
associate them with GMCs to study cloud and star formation
properties across M33. The YSCCs may have an optical coun-
terpart, or may be fully embedded, detected only in the infrared
while stars are still forming. Soon after stars of moderate mass
are born, the dust in the surrounding molecular material absorbs
almost all the UV and optical emission of the recently born stars
and re-emits the radiation in the Mid and Far-IR. Hence, MIR-
sources without optical or UV counterparts might indicate the
presence of recently born stars still in their embedded phase.
Furthermore one has to bear in mind that small star forming sites
might be below the critical mass to fully populate the IMF and
only occasionally form a massive stellar outlier with Hα or FUV
luminosity above the detection threshold. This implies that for
the purpose of this paper, i.e. association of YSCCs with molec-
ular clouds, both MIR-sources with and without UV or Hα coun-
terparts are of interest. Ages and masses are available for 506
YSCCs with UV and Hα emission, and have been determined
by Sharma et al. (2011).
3.1. The association between GMCs and YSCCs:
filamentary structures across M33
In Figure 5 we plot the position of the 566 GMCs over the 24 µm
image to show their large scale distribution over a MIR-Spitzer
image of M33. Even though the correspondence between MIR-
peaks, which are YSCCs, and GMCs is not a one-to-one cor-
respondence, the majority of GMCs lie along filaments traced
by the MIR emission. There are no GMCs in areas devoid of
MIR emission. There are however some regions where MIR fil-
aments are present but no GMCs have been found. Similarly,
some GMCs are present along tenuous and diffuse MIR fila-
ments but don’t overlap with emission peaks i.e. with compact
sources as those detected by the Sharma et al. (2011) extraction
algorithm. Even using the Spitzer 8 µm map at 3 arcsec resolu-
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Fig. 5. Positions of CO-clouds (red circles) over the 24 µm
Spitzer map.
tion (better than the 6 arcsec resolution of 24 µm map) some of
these clouds seem associated only with diffuse MIR emission.
In Figure 6 we plot the GMC positions over the HI map at a
spatial resolution of 10 arcsec, very similar to the CO map res-
olution. The 21-cm map, presented in Corbelli et al. (2014) is
obtained by combining VLA and GBT data. There is an extraor-
dinary spatial correspondence between the GMCs and the dis-
tribution of atomic hydrogen overdensities, underlined also by
Engargiola et al. (2003) and quantified by Gratier et al. (2012).
This correspondence seems to weaken at large galactocentric
radii. Here, in fact, we notice the presence of bright HI fila-
ments in areas devoid of GMCs. This may be due to a decrease
of the CO J=2-1 line brightness far from the galaxy center be-
cause of CO dissociation, or due to a gradient in metallicity
(Magrini et al. 2010) or gas density (which implies a lower CO
J=2-1/J=1-0 line ratio). Another possibility is that fewer GMCs
are formed in the absence of spiral arms. Spiral arms may fa-
vor the growth of GMCs by collisional aggregation of smaller
clouds. In the absence of the arms, only individual molecular
clouds of lower mass and size than GMCs may be found, un-
detected by the survey because of beam dilution. In the outer
regions most of the CO J=2-1 emission is in fact diffuse, at the
12” resolution of our CO data, which may be due to low mass
clouds. For R < 4 kpc most of the detected CO emission is due to
GMCs in the catalogue (Druard 2014). Furthermore, as pointed
out already by Engargiola et al. (2003), the presence of a high
HI surface density is a necessary condition but not a sufficient
one for the formation of molecular clouds: the atomic gas might
just not be converted into molecules if hydrostatic pressure and
Fig. 6. Positions of GMCs and YSCCs analyzed in this paper are
plotted on top of the 21-cm map at 10 arcsec resolution. Red
circles indicate the positions of GMCs, yellow and blue crosses
indicate the position of YSCCs not associated and associated
with clouds respectively.
the dust content decrease as it happens going radially outwards
in a spiral disk. In Section 7 we will discuss further what can
cause the drop in the number density of GMCs in the outer disk
of M33 by examining the association of GMCs with YSCCs and
the GMC lifetime.
3.2. The association between GMCs and YSCCs: a close
inspection of cloud boundaries and the YSCC
classification
The spatial correspondence between the position of GMCs and
that of YSCCs can be studied by an accurate inspection of the
area covered by each GMC. We start by searching for YSCCs
which are within 1.5 cloud radii of all GMCs listed in Table 5.
Since GMCs are often not spherical, we used a search radius
larger than the cloud radius and subsequently we checked the as-
sociation by inspecting visually the GMC contours drawn over
the M33 Spitzer images at 8 and 24 µm (as for cloud classifica-
tion). If in projection a YSCC and a GMC overlap we claim they
are associated.
We searched for optical or UV counterparts to YSCCs by an-
alyzing the Hα and GALEX-FUV images of M33 and by check-
ing the SDSS image at the location of each MIR-source. Taking
into account whether a YSCC is associated with a GMC or not
and whether it has or not an optical counterpart, we place the 630
YSCCs into 4 different categories. We describe these categories
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briefly below and discuss them in more detail in the following
sections.
– class b: YSCCs, associated with GMCs, with no optical
counterpart (unidentifiable in SDSS and with no Hα emis-
sion)
– class c: YSCCs with optical (SDSS and/or Hα) counterpart
– c1: YSCCs associated with GMCs with coincident Hα
and MIR emission peaks but FUV emission peaks are
spatially shifted or absent
– c2: YSCCs associated with GMCs with coincident Hα,
FUV and MIR emission peaks
– c3: YSCCs not associated with GMCs but star form-
ing with optical and FUV counterparts; these often have
weak Hα emission
– class d: YSCCs associated with GMCs which are ambiguous
for b or c1/c2 class
– class e: YSCCs not associated with GMCs and with no Hα
emission and no or weak red optical counterpart in SDSS;
some FUV may be present
The lowercase letters used for YSCC categories are such that
if there are GMCs associated with them, these are mostly placed
in the corresponding capital letter class. This is why we do not
have a-type MIR-sources, because A-type GMCs are not asso-
ciated with YSCCs. Similarly we do not have E-type GMCs be-
cause the YSCCs in the class e are not associated with GMCs.
After an automated search we inspected the images and checked
that a YSCC associated with a GMC lies within the cloud bound-
ary and whether it has Hα, FUV, and/or optical counterparts. We
find that 243 YSCCs lie beyond any catalogued cloud borders
and 104 of these have no Hα counterpart and weak or no emis-
sion in the UV. We place these sources in the class e. Some of
them might not be star forming sites but foreground or back-
ground objects; however, in the class e we may also find some
small, embedded star forming region whose associated GMC has
a brightness below the survey detection threshold. We place the
remaining 139 YSCCs not associated with GMCs in the c3 class.
Optically these look like SF regions. Some might be YSC associ-
ated with smaller clouds which are not in the catalogue and oth-
ers might be associated with more evolved sources whose orig-
inal cold gas reservoir has been mostly dissipated. By looking
at the ages and masses for c3-type YSCCs we find ages simi-
lar to those for c1- or c2-type YSCCs, while masses are smaller
on average. Hence it is likely that the majority of the YSCCs of
class c3 are associated with molecular clouds of smaller mass,
undetected by the survey.
We have 387 YSCCs (61% of the total) which have a high
probability of being linked to catalogued GMCs since they are
within the cloud boundary. A few sources are associated with
more than one cloud (since they are spatially overlapping with
two clouds which are at different velocities or are at the bound-
ary of two clouds). We classified 368 of these 387 YSCCs as
c1, c2 , or b-type according to the presence of an optical coun-
terpart. We place the remaining 19 YSCCs, ambiguous between
b- and c-type sources, in the class d. We find an optical coun-
terpart to the majority of YSCCs associated with GMCs: 271
out of 368. Only 97 YSCCs, i.e. 26% of YSCCs associated with
GMCs, do not have an optical counterpart and are candidates for
being YSCC still in their fully embedded phase. The 8 and 24 µm
images of a b-type YSCC can be found in the central panels of
Figure 4. Each of the 271 YSCC associated with a GMC has
been classified as c1 or c2-type according to whether the FUV
emission peak is absent/shifted with respect to the PSF of the
Table 2. YSCC classification scheme
Class main properties # YSCCs
b GMC, embedded SF 97
c exposed SF (c1+c2+c3) (410)
c1 GMC, Hα, MIR coincident 55
c2 GMC, Hα, MIR, FUV coincident 216
c3 no GMC, with FUV, weak Hα 139
d GMC, ambiguous 19
e no GMC, no optical counterpart 104
24 µm source or not. An example of a c2-type YSCC is shown
at the center of the four bottom panels of Figure 4 at various
wavelengths. The summary of the YSCC classification is given
in Table 2.
The 630 YSCCs which are within the CO-all-disk survey
map boundary are listed in Table 6 with the type (from b to e)
as described in the previous paragraph, and the number of the
GMCs associated with them, if any. In this case, we also list the
corresponding cloud class (A, B, C, D). In addition, for each
YSCC we give the celestial coordinates, the bolometric, total in-
frared, FUV and Hα luminosities, the estimated mass and age,
the visual extinction, the galactocentric radius, the source size,
and its flux at 24 µm. The estimates of all quantities given in
Table 6 and their uncertainties are discussed in Sharma et al.
(2011). Photometric errors on source luminosities are smaller
than 0.1 dex. However, since for a source of a given size we
perform surface photometry with a fixed aperture at all wave-
lengths, the errors due to nearby source contamination can in-
crease the uncertainties in crowded field (FUV in center and
spiral arms for example) and are hard to quantify. The uncer-
tainties of the 24 µm flux, as given by SExtractor, are available
in the on-line Tables of Sharma et al. (2011). As described by
Sharma et al. (2011), we apply an average correction to stellar
masses of low-luminosity YSCC for the IMF incompleteness.
While uncertainties on the distribution of cluster masses and on
the mass of bright individual YSCs are of order 0.1 dex, the IMF
incompleteness implies larger uncertainties on individual YSCC
masses when Lbol < 1040 erg s−1 (Sharma et al. 2011, see their
Figure 11).
As expected, YSCCs are associated with GMCs of B, C,
or D type. We have only 5 YSCCs which lie at the boundary
of A-type GMCs and the cloud testers considered that these
peaks were probably not associated with GMCs. We expect a
correspondence between b-type YSCCs and B-type GMCs, or
c-type YSCCs and C-type GMCs. And that is what indeed hap-
pens, even though the cloud classification was not based on the
correspondence with MIR-sources in the Sharma et al. (2011)
catalogue. However, there are a few exceptions, and the appar-
ent non-correspondence between the cloud and the associated
YSCC classification needs some explanation. Sometimes a cloud
hosts more than one source: if a b-type YSCC and a c-type
YSCC are associated with one cloud then the cloud is classified
as C-type. Sometimes a YSCC is identified with a MIR-source
which effectively is a blend of two or more sources and only one
of these has an optical counterpart. In this case the cloud and the
YSCC might not belong to a similar class. There are also a few
clouds classified as B-type or C-type with no associated YSCC.
Clearly for most of these cases the MIR emission at 24 µm was
too weak for the emitting area to be classified as ”source”. In
a few cases, blending/confusion with nearby sources might have
caused the failure of the source extraction algorithm (see Sharma
et al. (2011) for references and a description of the Sextractor
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software). Only 18 out of 87 GMCs of B-type are not associated
with YSCCs and 46 GMCs out of 286 of C-type do not host a
YSCC.
We can summarize that 332 GMCs are associated with at
least one YSCC. We have 58 clouds with a weak non catalogued
MIR-source (with Hα counterpart) and 176 clouds which do not
have associated emission in UV, optical or MIR and are consid-
ered inactive.
3.3. The association between GMCs and YSCCs: the spatial
correlation function
In order to quantify the link between GMCs and YSCCs, we
analyse statistically the association by computing the positional
correlation function of the two distributions. We then compare
this to what we expect for a random distribution. This approach
is fully justified provided that the distribution of each class of
sources, taken separately, is spatially homogeneous. This is not
true for two reasons: (i) the density of objects changes with the
galactocentric distance and (ii) GMCs and YSCCs are mostly
located along the spiral arms which implies that even the clouds
which have not yet formed stars are expected to lie closer to a
YSCC with respect to a randomly distributed population in the
disk. However, since the average distance between sources of
these two classes is much smaller than these large scale vari-
ations, the analysis that we are going to present is reasonably
justified. In our treatment we take into account the density de-
pendence from the galactocentric distance but we do not apply
any correction for the spiral pattern modulation, we only briefly
discuss it in our analysis. In the next Section we compare with
the positional correlation between GMCs and other populations
in the disk, in order to check that indeed the correlation with
YSCCs selected via MIR emission is the strongest.
To compute the expected positional correlation function of
YSCCs and GMCs in a galaxy disk, one has to consider first
fYSCC(R), the radial density distribution of YSCCs. This is an
azimuthal average of the deprojected local surface density i.e.
of the radial surface density on the galaxy plane. One can then
compute N(d,R), the average number of YSCC within a circle
of radius d centered on a randomly selected GMC, and P(d,R),
the probability of finding the closest YSCC to a GMC at a dis-
tance d. Having P(d,R), it is then straightforward to retrieve the
cumulative probability function C(d,R), which is the probability
of finding a YSCC within a distance d of a GMC, or equivalently
the fraction of GMCs which have at least one YSCC within a dis-
tance d. We can then compare C(d,R) with what is observed in
a galaxy disk.
Since we have a limited number of YSCCs and GMCs in the
M33 disk, we take into account the density dependence on the
galactocentric distance by dividing M33 into 3 radial intervals:
1) R < 1.5 kpc; 2) 1.5 ≤ R < 4 kpc; 3) R ≥ 4 kpc; The number of
YSCCs are 105, 290, and 236 in zones 1, 2, and 3 respectively,
and in each zone we compute the mean density of YSCCs as
the ratio between the number of YSCCs and the disk area of
the zone. We refer to the mean YSCC density using the symbol
〈 fYSCC〉i where i=1, 2, 3 for zones 1, 2, and 3 respectively and
the angle brackets indicate that it is an average over the zone.
We define d¯ as the radius of a circle inside which there is on
average one YSCC for a randomly distributed population. The
length scale d¯ is a typical separation length for YSCCs randomly
distributed in a plane and in general it is a function of R. For
each zone we determine 〈d¯〉i = 1/
√
pi〈 fYSCC〉i, an average value
of the separation length, and find the following values: 146 pc,
218 pc, 374 pc for zones 1, 2, and 3 respectively. It is useful to
define this length scale because reasoning in terms of normalized
distances allows us to better compare results obtained for the
different subsamples.
Therefore, in the absence of correlations, the average number
of YSCCs within a circle of radius d centered on a randomly
selected GMC, N(d,R), can be approximated in each zone as:
Ni(d) = pid2〈 fYSCC〉i =
(
d
〈d¯〉i
)2
, (4)
The probability P(d,R) of finding the closest source to a
GMC at a distance d and the corresponding cumulative proba-
bility C(d,R) can be retrieved in general from N(d,R) as:
P(d,R) = e−N(d,R); C(d,R) = 1 − e−N(d,R). (5)
In the absence of correlations, we use Eq.4 and Eq.5 to com-
pute in each zone the mean expected positional correlation func-
tions of GMCs and YSCCs for random distributions. These are
shown as dashed lines in Figure 7 as a function of the separa-
tion between a GMC and a YSCC given in parsecs. In the same
Figure we plot the observed fraction of GMCs with at least one
YSCC at a separation d using black squares for the inner region,
open blue circles for the middle region and red crosses for the
outer region. Assuming that a YSCC and a GMC are closely as-
sociated if they are separated by no more than a cloud radius,
which is typically re ' 50 pc, we expect to find a fraction of
GMCs of order r2e/〈d¯〉2i which have a YSCC closer than 50 pc
if YSCCs are randomly distributed. On average we should find
12%, 5% and 2% of GMCs with a YSCC within re for zones 1,
2, and 3 respectively. Instead we observe GMC fractions of 53%,
45%, and 43% for zone 1, 2 and 3 respectively. This implies that
we have about 4 times more YSCCs in zone 1, 9 times more
YSCCs in zone 2, and 21 times more YSCCs in zone 3 that are
in close association with GMCs than what might be expected if
GMCs and YSCCs were randomly distributed.
One can also display the distributions of Eq.5 as a function of
the normalized distance d/〈d¯〉, and in this case only one curve is
necessary to pin down the randomly distributed population, inde-
pendently of the disk zone. But before doing this we would like
to introduce some weighted average quantities to better take into
account radial variations of GMC densities, as one goes from the
crowded central areas of M33 to the disk outskirts. If YSCCs and
GMCs are randomly but non-uniformly distributed in the disk,
we can compute the mean separations and densities of YSCCs
as seen by the GMC population. In this case a good approxima-
tion to the density of YSCCs in each zone is a weighted mean,
with the weights given by the GMC number densities. We call
this weighted mean 〈 fYSCC〉wi (with i=1, 2, 3 for zones 1, 2, and 3
respectively). Analoguous to fYSCC(R), we define fGMC(R), the
radial density distribution of GMCs in the galactic plane. The
weighted average density of YSCCs in the surrounding of GMCs
for a random distribution can then be estimated as:
〈 fYSCC〉wi =
∫ Rmax,i
Rmin,i
R fGMC(R) fYSCC(R) dR∫ Rmax,i
Rmin,i
R fGMC(R) dR
(6)
where Rmin,i and Rmax,i are the radial boundaries of each disk
zone. We can then estimate the mean separation between YSCCs
and GMCs for a random distribution as 〈d¯〉wi = 1/
√
pi〈 fYSCC〉wi
and use this to normalize d. We have 〈d¯〉w1 =145 pc, 〈d¯〉w2 =210 pc
〈d¯〉w3 =309 pc. Thus, the difference with the earlier calculations is
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Fig. 7. Positional correlation of GMCs with YSCCs. We show
the fraction of GMCs with at least one YSCC at a separation
d, given in pc, using black squares for the inner region, open
blue circles for the middle region and red crosses for the outer
region. The dashed lines are the fractions expected for random
association. A significant clustering is found.
small and mostly relevant for zone 3. Using the weighted aver-
age YSCC density for each zone, as in Eq.6, the quantities N(d),
P(d) andC(d) can be computed from Eq. 4 and 5. In Figure 8 the
random distribution is shown as a function of d/〈d¯〉w. The frac-
tion of GMCs which have at least one YSCC at a distance 〈d¯〉w
for a random distribution is 0.63, and almost all YSCCs are at a
distance d < 2〈d¯〉w from a GMC. The crosses in Figure 8 show
the observed cumulative functions in the three disk zones. As
already stated, the true distributions are far from random since
about half of the YSCCs are within 0.25 d/〈d¯〉w of a GMC.
In what follows we model the observed positional correla-
tion function of Figure 8 and determine the correlation length.
For a simplified approach, we propose the following form for
the observed average density of YSCCs at a distance d from a
randomly chosen GMC:
F(d) =
c0
pid¯2
+
c1
2piλ2c
e−d/λc ; (7)
where λc plays the role of a correlation length, and the length
scale d¯ is, as stated before, the typical separation length for
YSCCs randomly distributed in a plane. In the absence of cor-
relation, we should expect c0 = 1 and c1 = 0; in the case of a
positive correlation, instead, we expect to have c1 > 0, as well as
c0 < 1 to balance the average density on randomly chosen posi-
tions. The quantity N(d) can be computed by integration, giving:
Fig. 8. Positional correlation of GMCs with YSCCs, for the 3
selected radial ranges in the M33 disk, as a function of d/〈d¯〉w.
The innermost and central regions have quite similar positional
correlation function if distances are scaled with 〈d¯〉w. The con-
tinuous lines are the fits with our model accounting for a corre-
lation, while the dashed curves represent the expectation in the
absence of correlation.
N(d) =
∫ d
0
2pid′F(d′) dd′ = c0
d2
d¯2
+ c1
(
1 − (1 + d
λc
)e(−d/λc)
)
.
(8)
Using the values of the weighted mean YSCC separation
〈d¯〉wi in Eq. 8, we derive as usual the expected P(d) and C(d)
for each zone. By comparing the modelled C(d) to the observed
fractions of GMCs which have at least one YSCC within a given
value of d/〈d¯〉w, we retrieve the average values of c0, c1 and λc
in each zone. A least square fitting method of the data is used to
determine c0, c1 and λc in the modelled C(d).
The values of 〈d¯〉w and all parameters derived from our fits
for the three zones are listed in Table 3. The continuous lines
in Figure 8 shows the very good quality of the fits and, for
comparison, also the expectation in the absence of correlation
(dashed line). It is easy to see that introducing a correlation
one obtains fits far better than without it. The correlation length
comes out to be very similar in the three zones: 15.8, 17.7, and
17.9 pc, which seems to outline the physical relation between the
GMC and YSCC within the same star-forming region. There is
a highly statistically significant clustering of GMCs and YSCCs
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Table 3. Fits to GMCs and YSCCs positional correlation func-
tions
zone 〈d¯〉w [pc] c0 c1 λc[pc]
R < 1.5 kpc 143 1.23 0.73 15.8
1.5 ≤ R < 4.0 kpc 210 1.17 0.67 17.7
R ≥ 4.0 kpc 309 1.82 0.73 17.9
at larger distances. The relative density contrast of the corre-
lated pairs, within a circle of radius 3λc (around 50 pc in all three
cases) is 82.3%, 87.7%, and 91.4% respectively. The reason why
c0 is larger than unity in all cases, while it should have been
lower than that, is likely an effect of radial density variations
within each zone. The mean separations vary across the disk and
have been averaged combining regions with rather different lo-
cal source densities. This is especially true at large galactocentric
distances and it is enhanced by filamentary overdensities, justi-
fying why the largest value of c0 is found for the outer region
(here the radial density of sources drops and density variations
are higher).
The steeper increase of the positional correlation function
around 100-200 pc in the three zones is likely due to the presence
of spiral arms or gas rich filaments. These filaments host many
CO clouds and YSCCs and have thicknesses of 100-200 pc. The
positional coincidence of YSCCs and GMCs in the outer disk is
extraordinary and chance alignments much less likely than in the
inner disk. It would be interesting to analyze the effects of both
GMC and YSCC crowding in the spiral arms. The present treat-
ment is however not suited to investigate quantitatively such ef-
fects, because the correlation is taken to be isotropic while in the
presence of a spiral pattern this assumption should be released.
We plan to devise a 2-dimensional extension of the present anal-
ysis in a future work, aimed at outlining also the correlation pat-
tern at intermediate distances (of order 100-200 pc). The short-
range correlation presented here is however not appreciably af-
fected by spiral arm crowding, since it corresponds to distances
much smaller than the typical width of the arms.
If we subdivide the clouds into a high-mass sample and a
low-mass sample, according to whether the GMC has a lumi-
nous mass higher or lower than 2 105 M, we find that 69% of
the high-mass GMCs have a YSCC within 50 pc, while this hap-
pens only for 44% of the low-mass GMCs. This implies that it is
rarer to find inactive GMCs of high mass than of low mass. For
random association the percentage is much lower, of order 3%.
4. The association between GMCs and other types
of sources in the disk
In nearby galaxies the spatial resolution of today observations is
high enough to identify the various products of the gas-star for-
mation cycle, such as Hα regions, massive stars, embedded or
optically visible stellar clusters. Engargiola et al. (2003) used the
BIMA disk survey of the inner disk of M33 to correlate the posi-
tion of 148 GMCs with HII regions identified through Hα emis-
sion. They found a significant clustering especially for the high
mass GMCs. Given the high number of identified HII regions
(about 3000 in the innermost 4 kpc), the difference in the num-
ber of HII regions closer than 50 pc to a GMCs with respect to
the random distribution is only a factor 2. Hence the clustering of
our sample of YSCCs around GMCs is much stronger than that
of HII regions and this can be easily understood since the YSCCs
have been identified through MIR emission, present in the early
phases of star-formation, while less compact Hα sources, like
shells and filaments, are formed at a later stage during the gas
dispersal phase.
Miura et al. (2012) analyzed the location of 65 massive
GMCs in the inner disk of M33 with respect to massive stars
which they identify through the optical surveys of Massey et al.
(2006) in various optical bands. The aim is to study the evolution
and lifetime of GMCs by estimating the ages of the closest bright
stars using stellar evolution models. In particular they confirm a
scenario of recursive star formation since dense molecular gas,
the fuel for the next stellar generation, is found around previ-
ously generated massive stars. The Miura et al. (2012) clusters,
with estimated stellar masses in the range 103.5 − 104.7 M and
ages between 4 and 31 Myrs, are on average older and more mas-
sive than YSCCs associated with MIR sources. Unfortunately
the authors do not list the positions of OB associations and clus-
ters and do not determine the statistical significance of the clus-
tering around GMCs.
To check whether optically visible stellar clusters lie near
GMCs, we use the compilation of Fan & de Grijs (2014) who
identified 707 stellar cluster candidates. They determined ages
and masses of 671 of them through UBVRI photometry using
archival images of the Local Group Galaxies Survey (Massey
et al. 2006). Some of these clusters have ages ≤ 100 Myrs. We
find that 668 of the 707 clusters lie in the area of the CO survey
and of these only 64, about 10%, are separated by less than one
cloud radius from the nearest GMC. The estimated ages of these
64 clusters vary between 5 Myrs and 10 Gyrs with a mean value
of about 50 Myrs. Since the expected fraction of GMCs within
50 pc distance from a stellar cluster is only a factor 3 smaller
for a random distribution, the statistical significance of the asso-
ciation between GMCs and optically visible clusters is far less
than with YSCCs associated with MIR sources. We also check
the association considering only optically visible stellar clusters
whose ages are less than 100 Myrs (about 1/3 of the sample),
as displayed by the thicker lines in Figure 9. The ratio between
the observed fraction of GMCs in the proximity of optically se-
lected YSCs, and the expected fraction for a random distribution,
is larger than for the whole sample of optically selected clus-
ters. Ever in this case, however, optically visible clusters are less
correlated with GMCs than infrared selected YSCCs examined
in this paper. Moreover, the peak of the excess of the observed
fraction of GMCs, with respect to a random distribution, is at
distances of order 200-300 pc, much larger than a typical cloud
radius, as shown in Figure 9. The weak correlation found is then
likely driven by the location of GMCs and YSCs along gaseous
filaments or spiral arms rather then by a one to one correspon-
dence.
5. Cloud classes and their properties
In this Section we examine cloud classes as being representative
of different stages of cloud evolution and their properties, such as
their location across the disk and the associated luminosities. We
have classified the population of molecular clouds in M33 into
3 categories according to whether they are non-active, A-type,
have MIR emission without optical counterpart, B-type, or have
some MIR emission with associated Hα emission, C-type. These
3 classes may correspond to three different stages of molecular
cloud evolution.
The 172 clouds classified as A-type are considered inactive
because they may have just formed but have not yet fragmented
to form stars. In this category we might have some clouds which
are left over from a previous episode of star formation; the stars
break out from the cloud and the most massive stars could en-
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Fig. 9. Positional correlation of GMCs with optically visible stel-
lar clusters. We show the fraction of GMCs with at least one
YSC at distance d shown as a function of d in parsecs. The
dashed line is the fraction expected for random association. The
thicker lines refers to YSC with ages less than 100 Myrs.
hance the formation of molecular material close to bright Hα
filaments by compressing the ISM through winds and expand-
ing bubbles. Some radiation from nearby stellar associations
might heat the dust triggering some diffuse MIR emission. We
associate the 87 clouds of B-type to the early phases of star-
formation, where radiation of massive stars is not yet visible in
optical or UV bands because it is absorbed by the dust of the
surrounding cloud material. In this case the radiation heats the
dust in the clouds which emit in the MIR in localized areas. In
the 286 clouds of class C, ultraviolet emission from young stars
or Hα line emission from ionized gas is visible within the cloud
contours. In this case, winds from evolved stars can sweep out
gas in their vicinity and UV light escapes from the cloud. The
Hα radiation, less absorbed by dust than UV continuum, may
become detectable when the HII region is still compact. Winds
from young massive stars can ultimately disrupt the parent cloud
and quench star formation. If the stellar cluster is of small mass,
massive stars are not always present (Corbelli et al. 2009). In
this case, the lack of Hα radiation might push the classification
of evolved clouds into class B and cause the MIR emission to
be weak. Moreover, since clouds are not spherically symmetric
and stellar clusters are not necessarily born at cloud centers, ge-
ometrical effects may play a role in mixing somewhat the B and
C type. On the other hand, emission on the line of sight to the
cloud but unrelated to the cloud (i.e. foreground or background)
could result in an overestimate of the state of evolution of the
Fig. 10. The location of the three cloud classes across the M33
disk shown over the HI image of the galaxy. Open cyan circles
are C-type clouds, blue crosses are B-type clouds, magenta tri-
angles are A-type clouds.
cloud. This implies that in each class there will be a few clouds
whose evolutionary stage might be inappropriate.
There are two evident differences in the location of the 3
types of clouds across the M33 disk. The GMCs are plotted in
Figure 10 over the HI image of M33 and in Figure 11 as a func-
tion of galactocentric radius. The A-type clouds have a median
galactocentric distance over 3 kpc with only 20% within 2 kpc of
the center, where the B- and C-type clouds are more numerous
(see Fig. 11). Both the A- and C-type clouds are found along HI
filaments and along the northern and southern spiral arm of this
flocculent galaxy. Along the southern arm, which is more reg-
ular and less disturbed than its northern counterpart, the A-type
clouds are found in the inner part of the arm, while C-type clouds
are more often found on the arm, where the peak of the HI and
Hα emission is. This is in agreement with the theories of for-
mation of molecular complexes across the spiral arms (Roberts
1969; Churchwell 2002): the atomic gas experiences a first com-
pression in the inner part of the arm and becomes molecular,
then as it enters the arm the supersonic turbulence enhances the
fragmentation and the process of star formation. This scenario
is not seen for the less regular northern arm. A-type clouds are
also more clustered than C-type clouds which are more coarsely
placed along the gaseous filaments. Clouds of high mass are very
rare at large galactocentric radii, possibly because there are no
spiral arms that trigger their growth.
The B-type clouds are rarely found close to the spiral arms
or the brightest 21-cm peaks but they are more numerous along
filaments of moderate HI surface density. They are present at all
radii smaller than 4 kpc and are never a dominant population.
If they represent a transition phase between inactive and active
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Fig. 11. Number of GMCs of A-type, B-type and C-type in
0.5 kpc bins of galactocentric radius are shown in the bottom,
middle and upper panel respectively.
clouds the lack of these clouds along the arm means that this
transition must be a rapid one. Lower mass stellar clusters, not
bright in the UV or Hα, might be associated with these clouds,
but the star formation process may continue to increase the
YSCC mass at a later stage. Although there might be some con-
tamination among MIR-sources with no optical counterpart, due
to obscured distant galaxies in the background of M33, the pres-
ence of CO emission at the same location of the MIR-sources
assures that most of these are YSCCs associated to M33. Their
clustering along HI overdensities underlines again their associa-
tion with the M33 ISM.
We now examine the CO-luminosities of GMCs in the three
classes as well as their emission at 24 µm. The mean GMC mass
is progressively increasing from 1.3×105 M for A-type clouds
to 2.1×105 K km s−1 M for B-type to 3.6×105 M for C-type
clouds. Hence, B-type clouds are typically of intermediate mass,
and not necessarily of low mass. If we interpret the sequence of
clouds from A-type, to B-type, to C-type, as a time sequence, the
increase of the average cloud mass going from A-type to B- and
to C-type implies that GMCs collect more gas as they age. The
trend remains if we look only at inner disk clouds (at R < 3.5
kpc) or outer disk clouds (at R ≥ 3.5 kpc).
Clouds of C-type extend to higher molecular masses than B-
type clouds and Figure 12 shows the total luminous masses of
the clouds versus the YSCC bolometric luminosity (for GMCs
hosting these), extinction and flux density at 24 µm. We com-
pute the MIR flux densities of YSCC associated with B or C-
type sources by dividing the flux as measured by Sharma et al.
(2011) by the source area (defined at 8-sigma isophote). The
A-type clouds have very low MIR flux densities except a few
which are contaminated by nearby sources. For these and for
clouds with no associated YSCC we measure the emission at
24 µm in apertures of 3, 5, and 8 pixels (1 px=1.6 arcec) in ra-
dius centered on the cloud. After background subtraction, we
choose the aperture which gives the largest flux density; this
is derived by dividing the flux in the aperture by the aperture
area. With this procedure we underestimate the MIR flux den-
sity of the emitting area because we cannot measure the effective
source size (the emission is indeed so weak that a source size is
hard to define and in fact flux levels are below that of sources
found by the Sharma et al. (2011) procedure). The GMCs asso-
ciated with catalogued sources have flux densities higher than
0.01 mJy/arcsec−2 (425 MJy/sr). This flux limit for catalogued
sources, which is evident in panel (c) of Figure 12, is a result of
the source extraction algorithm (Sharma et al. 2011). GMCs with
no catalogued sources are mostly of A-type but there are also a
few C-type clouds with weak MIR emission, perhaps being in
the process of dissolving due to the evolution of the newborn
cluster. A correlation between the cloud CO luminous mass and
the source extinction is found for sources of c2-type, as shown
in Figure 12. The same figure also shows there is no correlation
between the GMC mass and the YSCC bolometric luminosity.
Similarly, there is no correspondence between GMC masses and
YSCC masses when, through successful SED fits, stellar masses
have been determined (Sharma et al. 2011). This implies vari-
ations of the amount of gas turned into stars within giant com-
plexes where star formation is not uniformly spread out.
There is no difference in the CO line-width for clouds of
class A, B, C (3.5±1.5 3.3±1.1 and 3.4±1.2 km s−1 respectively).
The slightly larger dispersion for clouds of A-type is due to a
secondary peak in the width distribution at narrow linewidths
(σgauv ∼ 2 km s−1). Similarly there is not much difference in size
between complexes of different types except that GMCs of large
size are of C-type. Sizes are distributed between 10 and 100 pc
with a peak at 30 pc and a mean value of order 40 pc for A- and
B-type clouds, and of 50 pc for C-type clouds.
6. YSCC classes and their properties
In Section 3.1 we defined classes of YSCCs. YSCCs of b-, c1-,
c2- and d-type are associated with GMCs, while those of c3- or
e-type are not. The YSCCs of b- and e-type do not have an opti-
cal counterpart or only very faint emission in the SDSS images.
YSCCs of c-type are associated with blue light in SDSS images
and have Hα and FUV emission. Sources of d-type are ambigu-
ous between b- and c-type. Since sources of b-type are associ-
ated with GMCs, they presumably represent the early stages of
SF, when stars are fully embedded in the cloud. e-Type YSCCs
may be proto-clusters in their embedded phase associated with
lower mass molecular clouds, which have not been detected
by the IRAM-survey. Like b-type sources, the e-sources tend
to lie along HI overdensities but not along the brightest ones.
The MIR-sources identified as e-type YSCCs often lie near a
SF region and it is not clear whether they host protostars or if
the dust is heated by young stars in their proximity. A few are
rather isolated and may be background obscured objects. They
are more numerous than b-type YSCCs in regions far from the
center. The MIR emission of e-type YSCCs is on average lower
than that of b-type YSCCs, and hence they might be associated
with small clouds (Corbelli et al. 2011), with a lower metallicity
(Magrini et al. 2010) and dust content and undetectable through
the IRAM-CO survey.
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Fig. 12. The YSCC bolometric luminosity, in erg s−1, and vi-
sual extinction, are plotted in panel (a) and (b) respectively as a
function of the total luminous mass of GMC hosting the YSCC.
Blue circles are embedded b-type sources; red squares are clus-
ter at birth c1-type sources; green stars are young clusters c2-
type sources. In panel (c) the flux density at 24 µm in units of
mJy arcsec−2 (see text for more details) is plotted as a function
of the total GMC luminous mass. Open cyan circles are C-type
clouds, blue crosses are B-type clouds, magenta triangles are A-
type clouds.
If the sequence b, c1, c2, c3, represents a time sequence in
the evolution of a star forming region, we should find progres-
sively less extinction and older ages for the associated clusters.
In Figure 13 we show the YSCC FUV luminosity versus extinc-
tion Av, as given by Eq.(8) of Sharma et al. (2011), similar to the
visual extinction definition used by Calzetti (2001). In Figures
13 and 14 we can see that YSCCs of b and c1-type are the most
embedded, having the highest values of Av. There are, however,
two differences between these types of sources: some YSCCs of
c1-type have high bolometric luminosities and hence may have
already formed massive stars. On the birthline diagram (Corbelli
et al. 2009) the most luminous c1-type YSCCs occupy the same
area as c2-type YSCCs while the low luminosity ones tend to
overlap with the region where b-type sources are. This implies
that c1-type YSCCs are intermediate between fully embedded
Fig. 13. YSCC visual extinction and Total InfraRed luminosity
as a function of FUV luminosity. In the lower and upper left pan-
els we show sources associated with GMCs, in the lower and up-
per right panel we show sources not associated with GMCs. Blue
circles: embedded b-type sources; red squares: cluster at birth
c1-type sources; green stars: young clusters c2-type sources;
cyan filled triangles: unclassifiable sources with GMCs; magenta
triangles: clusters without GMCs; black crosses: sources of un-
known nature without GMCs (e-type). Continuous lines in all
four panels are not fits to the data but are for reference having
unity slopes.
clusters in the process of formation (b-type) and very YSC (c-
type). It is likely that c1-type YSCCs do not have FUV emis-
sion at the location of the MIR peak because of extinction. The
YSCCs of c2-type have Av values always lower than 2 and often
lower than 1, with an average value of 0.62±0.38. Their infrared
luminosity correlates very well with the FUV luminosity. There
are no YSCCs with very low Total Infrared (hereafter TIR) or
FUV luminosity in this class (see Sharma et al. 2011, for the
TIR luminosity computation). The lack or faintness of Hα emis-
sion for b-type sources is coherent with the picture that in these
sites massive stars have not formed yet.
The YSCCs not associated with GMCs are of c3-type, star
forming with optical counterpart, or of e-type, without optical
counterpart. The YSCCs of c3-type mostly have low extinction,
and this is consistent with the fact that they are not associated
with GMCs. They are not of low luminosity and hence they
might be slightly more evolved than c2-type sources or asso-
ciated to low mass clouds highly efficient in making stars. In
Figure 15 we plot the location of all YSCCs, color coded accord-
ing to their type, superimposed on the HI map of M33. There
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Fig. 14. YSCC Total InfraRed luminosity and Bolometric-to-Hα
luminosity ratio are plotted as a function of the MIR-source
bolometric luminosity. In the lower and upper left panels we
show sources associated with GMCs, in the lower and upper
right panel we show sources not associated with GMCs. Blue cir-
cles are embedded b-type sources; red squares are cluster at birth
c1-type sources; green stars are young cluster c2-type sources;
cyan filled triangles are unclassifiable sources with GMCs; ma-
genta triangles are clusters without GMCs; black crosses are
sources of unknown nature without GMCs (e-type). Continuous
lines in all four panels are not fits to the data but are for reference
having unity slopes.
are some differences between the various YSCC classes: c1- or
c2-type YSCCs lie over bright inner HI filaments or arms. The
b-type YSCCs populate the inner disk and there are very few
beyond 4.5 kpc, but they avoid the brightest HI ridges. The c3-
and e-type YSCCs are the dominant population at large galacto-
centric radii. It is likely that at these radii molecular clouds are
of low mass to escape detection in the IRAM all-disk survey.
e-Type YSCCs have more diffuse MIR emission, often mixed
with faint Hα filaments and hence it is unclear if at the location
of these sources any star formation will ever take place.
We now examine the luminosities of the YSCCs for the var-
ious classes. In Figure 16 we plot the bolometric luminosity
(Sharma et al. 2011) as a function of galactocentric radius for
the various classes and the linear fit to the log distributions. We
have included all YSCCs with an estimated bolometric luminos-
ity which lie at galactocentric distances R< 7 kpc. We have not
considered the uncertainties on the bolometric luminosities be-
cause they are hard to quantify as they are not dominated by pho-
tometric errors but by uncertainties related to the modelling. On
Fig. 15. The YSCCs in the area covered by the IRAM-all disk
survey color coded and with symbols according to their class
type, are plotted over the HI map. Romb symbols are for YSCCs
associated with GMCs (blue for b-type, red for c1-type, green
for c2-type). Circles are for YSCCs not associated with GMCs
(yellow for c3-type, cyan for e-type).
average and at all galactocentric radii the class with the high-
est luminosities is the c2 class, followed by c1, c3, b, and e
classes. Since YSCCs of c-type are likely to be associated with
clusters which have completed the formation process, it is con-
ceivable that they are more luminous than b- and e-type sources
linked to the embedded phase of star formation, when not all
cluster members have been formed. In particular this finding is
in agreement with non-instantaneous cluster formation theories
which predict that massive stars are fully assembled at a later
stage and their quick evolution switches off the cluster forma-
tion process (Zinnecker & Yorke 2007). A similar trend to that
shown in Figure 16 is found if we plot the TIR luminosity.
Through SED fits, Sharma et al. (2011) have estimated the
ages of YSCCs of c-type which are shown in Figure 17. Given
the uncertainties in age determination (of order of 0.1 dex for
bright rich YSCCs and larger for dim ones due to IMF incom-
pleteness) the mean ages of YSCCs associated with c1,c2 or c3-
type YSCCs are consistent. It is important to underline that the
vast majority of the YSCCs have ages between 3.5 and 8 Myrs
and only 15 of them, less than 4%, are older than 8 Myrs.
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Fig. 16. YSCC bolometric luminosities in erg s−1 as a func-
tion of galactocentric radius color coded according to the various
classes as in Figure 14. Straight lines show the linear fits to the
displayed distribution for each class.
7. Molecular cloud lifetime and the star-formation
cycle
Stars form from gas and leave their imprint on the gas through
cloud dispersal or gas compression for the next generation of
stars. During the formation phase and for the following few
Myrs, the dust associated with the molecular material is heated
by the energetic photons emitted by the YSC. The CO survey
of the LMC at a resolution of 40 pc demonstrated the good cor-
relation of molecular clouds with young stellar clusters of age
≤ 10 Myr (Fukui et al. 1999). The timescale of each evolutionary
stage has been then estimated by subdividing GMCs into differ-
ent classes corresponding to different ages of the associated YSC
(Yamaguchi et al. 2001; Kawamura et al. 2009). The LMC is an
irregular metal poor galaxy, interacting with the Milky Way, and
hence it is not clear that the same timescales for GMC evolution,
as for M33 or the Milky Way, apply.
One difficulty we have to face for M33 is that despite the ex-
cellent spatial resolution of the CO survey, giving a comparable
physical scale to the LMC CO survey, there is no high resolution
radio continuum database which can be used to locate thermal
and non-thermal sources, to obtain information on the very early
phases of stellar cluster formation. Dedicated optical surveys of
the LMC have produced a catalogue of clusters and OB associa-
tions with 137 of them being of age ¡ 10 Myrs. In M33 there are
only 16 optically identified clusters with age ¡ 10 Myrs and none
of these are within the cloud contour of identified GMCs. The
MIR-source catalogue of Sharma et al. (2011) with numerous
Fig. 17. Age distribution of YSCCs of c-type (c1,c2,c3). Only 15
YSCCs, less than 4%, are older than 7 Myrs.
YSCCs is a substitute for the lack of optically identified YSCs
in M33. However the use of these data implies that we have
more information on the intermediate stages of YSC formation
but less on the dissipation phase, when the YSC emerges from
the GMC and it is optically identified. The YSC candidates in
the Sharma et al. (2011) catalogue have reliable age estimates,
especially if they are bright and with coincident peaks in the
various bands, such as c2-type YSCCs. All 216 c2-type YSCCs
have ages ≤ 10 Myrs and 90% between 3.5 and 8 Myrs and a
marked peak around 5 Myrs. Similar ages are found for c3-type
YSCCs, not associated with GMCs, but with an optical counter-
part as well. Figure 17 shows a histogram of the age distribution
of c-type YSCCs. In the previous section we have seen that the
number of YSCC associated with GMCs drops when their age
is > 8 Myrs. If 8 Myrs is the typical age of the cluster when it
breaks through the cloud, we can say that phase C last 8 Myrs
We hence define 8 Myrs as the timescale for a GMC of C-type.
During this stage YSC are fully assembled, including massive
star formation. Shortly after this stage the YSC dissipates the
associated GMCs.
We can estimate how long the inactive A-type and the em-
bedded B-type phases last based on the number of clouds in
the catalogue. Considering only GMCs above our survey com-
pleteness limit, the total number of classified clouds is 474. Of
these 127 are of A-type, 79 are of B-type, 268 are of C-type.
Assuming a continuous rate of star formation in M33 and that
the C-type phase lasts 8 Myrs, we estimate that the B-type phase
lasts 2.4 Myrs and A-type phase about 3.8 Myrs. The shortest
phase for GMCs in M33 is the totally embedded phase, when
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Table 4. GMCs and YSCCs of various classes in different radial ranges
R[kpc] NGMC A-type B-type C-type NYSCC b-type c1-type c2-type c3-type e-type
< 1.5 95 19(20%,18) 21(22%,19) 55(58%,55) 98 21(21%) 10(10%) 39(40%) 9(9%) 19(19%)
1.5-4 296 106(36%,79) 50(17%,45) 140(47%,133) 279 53(19%) 30(11%) 115(41%) 44(16%) 37(13%)
≥ 4 150 47(31%,30) 16(11%,15) 87(58%,80) 231 23(10%) 15(6%) 60(26%) 85(37%) 48(21%)
the newborn cluster has no Hα or optical counterpart: this is a
phase which was not considered explicitly by Yamaguchi et al.
(2001) and Kawamura et al. (2009) but it is included in their in-
active, Type-I phase. We define the GMC lifetime as the time
interval between the stage when most of the GMC mass has
been assembled but the cloud is still inactive, and the starting
of the gas dissipation phase, when most of the molecular gas is
dispersed in the interstellar medium and the YSC has no large
molecular clumps nearby. This lifetime includes the cloud inac-
tive phase, the embedded star-forming phase, and the time when
the YSC breaks through the cloud and has an optical counter-
part. The cloud growth and dissipation times, which involve a
substantial change of the GMC mass, have not been considered
due to the GMC survey completeness limits. We therefore have
a lifetime of about 14.2 Myrs for GMCs in M33, before they are
dissipated. This is somewhat shorter than the lifetime derived by
Kawamura et al. (2009) who used a sample of GMCs of masses
and effective spatial resolution similar to that of our survey. The
Type I (similar to our A- and B-type clouds) and Type II (C-type)
evolutionary sequence of Kawamura et al. (2009), lasts 19 Myrs.
In the Milky Way the GMC lifetime has been estimated to be in
the range 10-20 Myrs (Blitz & Shu 1980; Larson 1981; Murray
2011), shorter than earlier estimates of 30-40 Myrs (Bash et al.
1977). Considering only GMCs above a limiting mass of 105 M
we have 115 clouds of A-type, 58 clouds of B-type, 221 of C-
type. Since the cluster age is not a function of the associated
cloud mass, assuming that C-type clouds last 8 Myrs prior to gas
dispersal, we estimate that GMCs spend 4.2 Myrs in class A, and
2.1 Myrs in class-B. This gives a total lifetime of 14.3 Myrs, very
close to our previous estimate for the whole sample of GMCs
above the completeness limit. In M33 GMC lifetime prior to gas
dispersal is comparable with estimates of GMC lifetimes in the
Milky Way.
We now subdivide the galaxy in three zones, as in Section 3:
1) R < 1.5 kpc; 2) 1.5 ≤ R < 4 kpc; 3) R ≥ 4 kpc. The num-
ber of classified clouds and sources in the 3 zones is given in
Table 4 (unclassified objects like D-type clouds or d-type sources
are not considered here). We give in parenthesis the percentage
of the various GMC types for each radial zone and, in addi-
tion, the number of GMCs in that zone whose mass is above
the completeness limit. We can estimate the cloud lifetime for
the three zones considering only GMCs above the completeness
limit and find that in zone 2 GMCs have the longest lifetime,
of order 15.4 Myrs, due to the longer time clouds spend in the
inactive phase. In zone 1 and 3 the GMC lifetime is of order
13.4 Myrs and 12.5 Myrs respectively. In the intermediate ra-
dial range, where spiral arm are found, molecular clouds have a
longer quiescent time as more A-type clouds are found. The qui-
escent time is short for GMCs in the inner regions, about half of
that inferred for zone 2. In the outer regions instead, the embed-
ded phase lasts less than elsewhere, about 1.5 Myrs. However,
as we will discuss in the next paragraph, the large drop in GMC
number density in zone 3 and the lower average stellar mass of
the associated YSCCs increase the uncertainties in the estimated
cloud type fractions and YSC ages, and therefore in the GMC
lifetime.
Going radially outwards from zone 2 to zone 3, the number
density of GMCs decreases more rapidly than the number den-
sity of YSCCs. This can be explained either with an unseen pop-
ulation of clouds of smaller mass, undetected by the IRAM-all
disk survey, or by a quicker evolution of GMCs (once stars are
formed, GMCs dissolve in a shorter time as the stellar cluster
evolves). The number of YSCC without any associated GMCs
(c3-type sources), is in fact the dominant population in zone 3,
while in the other zones the dominant YSCC population is of c2-
type. Let us suppose that the larger drop in the density of GMCs
at large galactocentric radii with respect to YSCC density is due
to an unseen population of molecular clouds, either GMCs with
weaker CO emission or molecular clouds of lower mass (which
have not been detected by the IRAM-survey). Suppose that the
percentage of missing clouds is the same for each cloud class
and that the scalelength of the molecular gas surface density is
the same at all radii (i.e. 2 kpc) and that the cloud mass spec-
trum is also radially constant. In zone 3 we should find a number
of clouds equal to 75% the number of clouds of zone 2 i.e. 222
clouds. Hence there are 72 clouds which escaped detection (or
even more if their mass decreases with galactocentric radius).
Of these about 42 clouds will be of C-type, 8 clouds of B-type
and 22 of A-type. Consequently the number of b-type sources
would be 31 (13%), the number of c1+c2 sources would be 117
(51%), and the number of c3-type would be 41 (18%) and of e-
type source would be 40. In this case the percentage of optically
visible YSC associated with clouds would be the same as in zone
2 and also the percentage of sources with or without clouds will
be in closer agreement. So, if the hypothesis of the unseen pop-
ulation is correct there is not much difference in the timescale of
cloud dissipation across the M33 disk.
8. Summary
In this paper we present the largest database of GMCs and can-
didate YSCs across a galactic disk. Using the IRAM-30m CO
J=2-1 datacube of M33 we identify 566 GMCs and we select
630 MIR-sources from the the Sharma et al. (2011) list which
are young stellar clusters in the early formation and evolution-
ary phases. We classified the GMCs as non-starforming (class
A), with embedded SF (B), or with exposed SF (C). The YSCCs
were put in classes based on their emission in the MIR, FUV and
Hα bands and according to the association with GMCs. Most
of the YSCC with optical and UV counterparts have estimated
ages and masses. The classification helps in drawing a possible
evolutionary sequence and the relative timescales. The results of
the classification together with the most relevant parameters of
the GMCs and YSCCs can be found in the on-line tables. Since
M33 has a non-uniform star forming disk with varying popula-
tion densities and structures going radially outwards, we exam-
ine three distinct radial ranges: R< 1.5 kpc, 1.5 < R < 4 kpc, and
R ≥ 4 kpc and refer to these as zone 1 (inner disk), zone 2 (spiral
arm dominated) and zone 3 (outer disk). Below we summarize
the main results discussed in the paper.
– The GMCs catalogue comprises 566 clouds with masses
between 2×104 and 2×106 M and radii between 10 and
16
Edvige Corbelli et al.: From molecules to YSC in M33
100 pc. 490 clouds are above the survey completeness limit
of LCO ≥ 5700 K km s−1 pc2 (MH2 ≥ 6.3 × 104 M). By
examining the 8, 24 µm, FUV, and Hα emission within each
cloud, 545 of them have been classified as A-, B-, or C-type
clouds. The remaining 21 clouds could not be assigned un-
ambiguous classes. More than half of the catalogued GMCs
have exposed star formation (C-type) with emission peaks
at several wavelengths within the cloud contours and these
are the most massive ones. About 32% are inactive (A-type)
with no sources at any wavelengths and only 16% have em-
bedded or low mass star formation (B-type) with emission
peaks at MIR wavelengths only.
– The peak of the distribution of A-type clouds is near 4 kpc.
Beyond 2 kpc their number density is comparable to that of
C-type clouds, which is the most numerous group. Both the
A- and C-type clouds are found along HI filaments or spiral
arms. On the southern arm (but not the northern), the A-type
clouds are found entering the arm while C-type clouds are
found on the arm, suggesting the arm environment may play
a role in triggering star formation. The average CO lumi-
nosity increases going from A- to B- to C-type clouds and
this suggests that GMC mass may continue to grow as they
evolve from the inactive phase to the formation of massive
stars.
– We classified 611 of the 630 YSCCs into 5 categories, b-c1-
c2-c3-e-type according to the presence and location of op-
tical, Hα or UV counterpart within a GMC boundary. The
majority of these sources lie (in projection) within a GMC
boundary, especially in zone 1 and zone 2. The largest class
of YSCC has coincident peaks at in the UV and Hα bands
which made possible to estimate the age and mass of the
associated YSC. There is an extraordinary spatial correspon-
dence between the GMCs and the distribution of atomic hy-
drogen overdensities in zones 1 and 2. In zone 3 there are
fewer GMCs, possibly because of a steepening of the molec-
ular cloud mass spectrum with a larger fraction of clouds
being below the survey completeness limit.
– We find that GMCs classified as B- or C-type are associated
with catalogued MIR-sources classified as YSCCs of b- or
c-type with only a few exceptions. The physical association
between GMCs and YSCCs is established in the three zones
considering the whole sample of GMCs and YSCCs, inde-
pendently of their prior classification. We analyse visually
and statistically the association by generating the positional
correlation function of the two distributions, and indeed the
correlation is remarkable and stronger than with other popu-
lations in the M33 disk. If d¯ is the typical separation length
between YSCCs, we expect to find only 20% of the GMCs
with a YSCC at distance less than 0.5d¯ if they are randomly
distributed. Instead we find fractions of order 60-70 %. The
correlation length is of order 17 pc, but there is a highly sta-
tistically significant clustering out to larger distances. There
is little or no correlation between the mass of the GMCs and
that of the YSCCs.
– The extinction estimates are higher for b-type sources with
weak or no UV/optical counterpart, which likely represent
the early phases of SF. The c1-type YSCCs have visible Hα
but not FUV emission and show on average higher extinction
than the c2-type YSCCs, where FUV emission is also de-
tected. The c1-type YSCC may represent YSC at an earlier
stage than c2-type YSCC, even though the YSC age deter-
mination is not precise enough to separate these two classes.
The most luminous YSCCs are of c2-type and are clusters
which likely have completed the formation process.
– Estimated ages of most YSCCs are between 3.5 and 8 Myrs,
with a marked peak around 5 Myrs, and are associated with
C-type GMCs. Using the cluster ages and the fractions of
GMCs in each class i.e. in each evolutionary phase, we have
estimated the GMC lifetime in M33 as being 14.2 Myrs from
when they are assembled to the time when the YSC breaks
through the cloud, prior to gas dispersal. Even though the
lifetime may be slightly longer if the cloud dispersal time is
included, our estimate for the GMC lifetime in M33 seems
comparable to GMC lifetimes in the Milky Way and some-
what shorter than the estimated GMC lifetime in the LMC.
The embedded phase, where MIR emission is visible but no
Hα or FUV emission is detected, is the shortest phase from
when the cloud is assembled and inactive to the switch-off of
the stellar cluster formation process.
The analysis of the largest available sample of GMCs and
YSCCs and their association across the whole star forming disk
of M33 provides reliable estimates of GMC lifetimes and evo-
lutionary timescales necessary for for understanding the gas-star
formation cycle across spiral galaxy disks.
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Table 5. Classification and properties of the M33 molecular
cloud population
NCO Type RA DEC R re δre σv δσv σ
gau
v MH2 δMH2 M
vir
H2
NYSCC
[kpc] [pc] [pc] [km s−1] [km s−1] [km s−1] [M] [M] [M]
1 C 23.36171 30.29141 5.7 37 20 4.1 2.5 3.3 0.84E+05 0.48E+05 0.42E+06 2
2 C 23.37007 30.28943 5.8 42 18 4.1 1.4 3.7 0.71E+05 0.29E+05 0.60E+06 ..
3 A 23.30009 30.38398 4.6 36 14 6.2 2.4 2.6 0.19E+06 0.30E+05 0.26E+06 ..
4 A 23.32977 30.48902 3.1 56 35 4.7 3.7 2.8 0.10E+06 0.11E+06 0.44E+06 ..
5 B 23.32793 30.49364 3.1 43 35 1.8 2.0 2.3 0.11E+06 0.14E+06 0.24E+06 87
6 C 23.38505 30.33558 5.1 56 16 8.2 2.2 6.1 0.24E+06 0.41E+05 0.22E+07 13,10
7 A 23.43679 30.49438 2.7 33 22 3.4 1.6 3.1 0.86E+05 0.38E+05 0.32E+06 ..
8 C 23.31071 30.49623 3.3 55 14 4.9 1.3 7.1 0.26E+06 0.61E+05 0.29E+07 644
9 C 23.17682 30.37319 6.1 119 13 4.5 0.6 4.1 0.90E+06 0.40E+05 0.21E+07 603,601,602,600
.. .. ...... ...... ... ... ... .. .. .. ........ ........ ........ ....
Table 6. Classification and properties of the M33 young stellar
cluster candidate population
NYSCC Type NCO Type RA DEC lg(Lbol) lg(LT IR) lg(LFUV ) lg(LHα) lg(M∗) lg(Age) AV R size F24
[erg s−1] [erg s−1] [erg s−1] [erg s−1] [M] [yrs] [kpc] [arcsec] [mJy]
1 c3 .. .. 23.374977 30.309910 39.34 38.11 39.00 37.15 3.0 6.6 0.1 5.4 15.3 23.54
2 c2 1 C 23.361427 30.290756 38.51 37.25 38.27 35.65 2.7 6.9 0.0 5.7 3.8 0.75
3 c3 .. .. 23.372110 30.301689 39.31 38.78 38.87 36.84 3.0 6.7 0.3 5.5 7.1 4.57
4 c3 .. .. 23.332920 30.305302 38.65 38.35 38.02 36.12 2.7 6.7 0.6 5.5 5.1 1.75
5 e .. .. 23.335817 30.304033 38.28 37.93 37.76 35.18 0.0 0.0 0.5 5.5 3.6 0.68
6 e .. .. 23.443571 30.303825 37.75 36.62 37.27 35.57 0.0 0.0 0.1 5.8 2.4 0.29
7 e .. .. 23.448744 30.304874 37.54 36.98 36.98 35.43 0.0 0.0 0.3 5.8 2.5 0.30
8 c2 15 C 23.402447 30.336786 40.38 40.04 39.74 37.94 4.2 6.7 0.6 5.0 18.2 79.54
9 c1 14 D 23.376879 30.319651 37.95 37.18 37.61 35.88 2.2 6.6 0.2 5.2 4.2 0.79
.. .. ...... ...... ... ... ... .. .. .. ........ ........ ......... ........ .......... ....
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